We show that the photoreceptor rhodopsin (Rh) can exist in the membrane as a dimer or multimer using luminescence resonance energy transfer and FRET methods. Our approach looked for interactions between Rh molecules reconstituted into asolectin liposomes. The low receptor density used in the measurements ensured minimal receptor crowding and artifactual association. The fluorescently labeled Rh molecules were fully functional, as measured by their ability to activate the G protein transducin. The luminescence resonance energy transfer measurements revealed a distance of 47-50 Å between Rh molecules. The measured efficiency of FRET between receptors was close to the theoretical maximum possible, indicating nearly quantitative Rh-Rh association. Together, these results provide compelling evidence that Rh spontaneously self-associates in membranes.
G
protein-coupled receptors (GPCRs) are involved in diverse physiological processes and represent the single largest family of signaling molecules in the human genome. Until recently, GPCRs were assumed to exist in the membrane as monomeric proteins that are activated by the binding of one ligand to one receptor. However, a wealth of data indicates that these receptors frequently form dimers or higher order oligomeric species (1) (2) (3) (4) (5) . In fact, some GPCRs may even function as hetero-oligomers (6) .
The possibility that rhodopsin (Rh) self-associates was first indicated by atomic force microscopy measurements, which showed Rh molecules can form distinct, densely packed double rows in the rod outer segment (ROS) membranes of mouse retina (7) . Other studies carried out on detergent-solubilized protein suggest that some Rh is present as dimers (8, 9) . Furthermore, opsin forms dimers when expressed in COS1 cells (see accompanying article by Kota et al., ref. 10) . However, the conclusion that Rh is dimeric challenges previous work that concluded Rh to be a monomer randomly distributed in the plane of the membrane (11) (12) (13) (14) (15) .
Here, we asked whether Rh molecules associate when reconstituted into lipid vesicles. Our approach was to use luminescence and fluorescence resonance energy transfer (LRET and FRET) techniques to assess the apparent distance between Rh molecules reconstituted in asolectin liposomes at low receptor densities. Our studies indicate that nearly all of the Rh self-associates into dimers or oligomers, § providing further independent evidence that Rh is present in the membrane in a multimeric state.
Results and Discussion
Overview. We looked for evidence of Rh-Rh interactions using a quantitative FRET-based approach. Our strategy (outlined in Fig. 6A , which is published as supporting information on the PNAS web site) was to look for Rh-Rh interactions under conditions in which the Rh molecules were given ample opportunity to not interact. Thus, we reconstituted Rh into liposomes at low receptor densities, to maximize the amount of positive FRET signal from Rh molecules truly involved in dimeric or higher-order interactions. After reconstitution, we first measured the average distance between Rh receptors using LRET. Next, we measured FRET between Rh samples and correlated the amount of the energy transfer with the proportion of total receptors at the measured interaction distance. Our main postulate is that if the amount of measured FRET equals the maximum FRET possible, most of the Rh molecules must be self-associating.
Preparation and Characterization of Rh Samples. Rh was labeled in the cytoplasmic face, as described in Supporting Text, which is published as supporting information on the PNAS web site. The labeling occurred at the uniquely reactive cysteine residues, C140 and C316 (17) (18) (19) (20) (21) . The LRET studies used the label CS124-DTPA-EMCH⅐Tb 3ϩ as the donor and CY3-maleimide as the acceptor. The FRET studies used CY3-maleimide as the donor and CY5-maleimide as the acceptor. These Cys-reactive fluorophores are well characterized (22) (23) (24) , and their spectra are significantly red-shifted, resulting in minimal spectral overlap with the retinal chromophore in Rh (see Fig. 3B ).
Rh was labeled with Ϸ1.0 label per protein (data not shown). The C140 and C316 Cys residues labeled with roughly similar efficiencies, as assessed by V8 proteolysis and SDS͞PAGE analysis (25) , which produced two fragments (F1 and F2) with similar fluorescence intensity (Fig. 1A) . Scanning electron microscopy indicated that the reconstituted Rh proteoliposomes ranged in size from 100 to 200 nm in diameter, with an approximate average diameter of 150 nm (Fig. 1B) , consistent with previous measurements of asolectin liposomes (26) .
The Labeled and Reconstituted Rh Is Preferentially Oriented Inside-
Out and Is Fully Functional. Treatment with Asp-N protease increased the electrophoretic mobility of all liposome-bound Rh, as efficiently as for a detergent solubilized Rh control (Fig. 1C) . This result indicates that the Rh is oriented inside-out in the liposomes (27) , with the C-terminal tail of rhodopsin exposed to the Asp-N protease (28) . Both labeled and unlabeled liposomebound Rh samples showed essentially identical abilities to activate G␣ T (initial activation rates Ϸ 1.3 pmol͞min per pmol rhodopsin), demonstrating that the attached fluorophores do not affect rhodopsin function (Fig. 1D) . and Rh-CY5. The quantum yield of reconstituted Rh-CY3 rose from 0.13 Ϯ 0.01 in the dark state to 0.20 Ϯ 0.01 after light activation of Rh, presumably because energy transfer from the CY3 label to the retinal chromophore was abolished. It is important to note this increase in Rh-CY3 quantum yield changes the R 0 value for the Rh-CY3͞Rh-CY5 FRET pair from 52 Å in the dark state to 56 Å when light activated.
LRET Measurements Show a Rh-Rh Distance of 47-50 Å in Liposomes.
The LRET approach is illustrated in Fig. 2A . We first used the LRET method because it can accurately determine distances between two proteins, even in the presence of some labeled but noninteracting proteins (the latter are spectrally silent in LRET). Furthermore, LRET is not complicated by the false positives that often complicate FRET studies (23, (29) (30) (31) (32) (33) . Most importantly, we could use the distances we obtained independently by LRET to quantitate the percentage of the total Rh proteins participating in the subsequent FRET studies.
Details on the LRET studies are given in the Supporting Text. Briefly, they involved exciting the Rh-Tb (donor) at 337 nm with a laser pulse and then measuring energy transfer to Rh-CY3 (the acceptor), as indicated by the ''sensitized emission'' given off from Rh-CY3 at 570 nm (Fig. 2B) . The rate of transfer, k, is reflected in the lifetime of the sensitized emission ( AD ), because k ϭ 1͞ AD . We used the AD value thus obtained, and Eq. 4, to determine the efficiency of luminescence resonance energy transfer. From this efficiency, we calculated the donor-acceptor distance using Eq.
5.
A representative result is shown in Fig. 2C . The data, measured from dark-state Rh reconstituted at the lowest receptor density (10,000 lipids per Rh), shows the decay of Rh-Tb donor alone ( D ; blue curve) and the ''sensitized emission'' decay of Rh-CY3 ( AD ; green curve). Two lifetime components were required to fit both the D and AD data, most likely because energy transfer from Rh-Tb to the retinal contributes to a short decay component. The quality of the data did not warrant a complex analysis; thus, we combined these values to calculate an ''average'' or amplitude-weighted lifetime, ͗͘ ϭ ␣ 1 1 ϩ ␣ 2 2 , where ␣ 1 and ␣ 2 are the preexponential factors (␣ 1 ϩ ␣ 2 ϭ 1.0) for 1 and 2 , respectively. The complete set of amplitudeweighted LRET lifetimes, ͗ D ͘ and ͗ AD ͘, thus measured, are reported in Table 1 .
These ͗ D ͘ and ͗ AD ͘ values yield a distance of 50 Å between Rh-Tb and Rh-CY3 in the dark state (Fig. 2D) . Similar measurements were made for the samples immediately and 30 min after light activation (see Table 1 ). In each case, the distance between Rh proteins undergoing LRET was between 47 and 50 Å. Interestingly, this value is in good agreement with an expected Rh-Rh distance based on the known diameter of Rh (34) .
FRET Measurements Show Substantial Energy Transfer Between Rh
Samples in Liposomes. To determine the proportion of Rh protein molecules that are close enough to interact, we used quantitative FRET measurements using CY3 as the energy transfer donor and CY5 as the acceptor ( Fig. 3 A and B) .
In these experiments, we reconstituted Rh-CY3 and Rh-CY5, both together, and separately as a control (in the latter case with equimolar amounts of unlabeled Rh). We ensured that each Table 1 ). reconstitution resulted in an identical amount of Rh in the liposomes. The results from these studies, shown in Fig. 3C , reveal substantial FRET, but only when the samples were combined and reconstituted together (green curves). The control samples show no FRET (red curves). The amount of FRET appears to increase immediately upon light activation of Rh and continues to increase over time (Fig. 3C Left) , although we suspect this increase is mainly due to the inherent increase in the quantum yield for Rh-CY3 upon bleaching.
We quantified the amount of FRET observed in these excitation spectra by using standard approaches (35, 36) . Our results showed a FRET efficiency of 32% in the dark, which increased to 38% efficiency immediately after light activation and up to 46% 30 min after light activation. Importantly, these donor-and acceptor-labeled ROS samples were prepared separately, their concentrations were determined and matched, and only then were the samples mixed for reconstitution. These stringent conditions ensured that a positive FRET signal unequivocally reflects intermolecular FRET occurring between at least two different receptors. We stress that the data in Fig. 3C are raw data that, aside from buffer subtraction, have not been normalized or manipulated in any other way.
Substantial FRET is also apparent in the emission spectra and fluorescence lifetimes. For example, the sensitized acceptor emission spectra (Fig. 3C Right) show both a decrease in fluorescence intensity of Rh-CY3 emission at 570 nm and a concomitant increase in the sensitized Rh-CY5 emission at 670 nm (again, the FRET signal in the dark state appears to increase after light activation). Similarly, a high FRET efficiency is observed by measuring the fluorescence lifetime of the donor, Rh-CY3, in the absence ( D ) and presence ( DA ) of the acceptor, Rh-CY5. These measurements indicate FRET efficiencies ranging from 25% in the dark state to 32% at 30 min after light activation ( Table 2) . These values are in qualitative agreement with the steady-state FRET efficiencies. Imperfect correlation with the steady-state data are most likely due to the short lifetimes of the donor fluorophore and to the limitations of our instrumental setup.
To assess possible error in the LRET and FRET results, we measured the steady-state anisotropy of the samples to determine the degree of fluorophore mobility (Table 3 , which is published as supporting information on the PNAS web site). These results indicate the maximum possible error associated with the LRET distances (Table 1) , due to changes in 2 , are Ͻ8% in both the dark state and light-activated states, whereas the maximum error in the FRET efficiency is between 20% and 30%. Note that the actual errors are likely much less significant than these absolute possible extremes (37) .
FRET Efficiency at Different Receptor Densities. We determined the amount of nonspecific ''background FRET'' (due to receptor crowding) by measuring FRET for samples reconstituted at varying molar lipid͞Rh ratios (10,000:1, 2,000:1, and 250:1). These conditions should theoretically produce receptor densities of Ϸ20, Ϸ100, and Ϸ800 proteins per vesicle, respectively. We used these receptor densities, along with the concept of a reduced acceptor surface density (C A ), to calculate the amount of background FRET expected at each lipid͞Rh concentration. The FRET results, and the ''background FRET'' expected for the different concentrations, are shown in Fig. 4A . Notice that the measured FRET signal is strongly dependent on the receptor density, and appears to be superimposed on the predicted background FRET at each concentration.
Experimentally Determined Receptor Density. The above calculation assumes a random distribution of Rh among the liposomes. We tested this assumption at the lowest Rh͞lipid ratio (one Rh per 10,000 lipid molecules) by carrying out isopycnic density centrifugation analysis (38) . These studies showed that Rh, in these preparations, is not uniformly distributed (Fig. 4B) . Instead, Ϸ90% of the Rh appears to be present in Ϸ11% of the available vesicles. This interesting result (which may suggest that Rh is forming higher-order oligomers) indicates that in most vesicles containing Rh, the ''true'' receptor density is actually Ϸ10ϫ higher than predicted (Ϸ200 rhodopsin molecules per liposome). The correct C A values are thus 0.039 in the dark state and 0.045 after light activation, yielding a more accurate assessment of the ''background FRET'' at this lipid͞Rh ratio of Ϸ8% in the dark and Ϸ11% after light activation (see dotted curve in Fig. 4A ). The arrows indicate the strong FRET observed between Rh-CY3 and Rh-CY5 when reconstituted together into asolectin liposomes (green curve). The control (red curve) shows no FRET signal for a summation of individually labeled and reconstituted Rh-CY3 and Rh-CY5 measured at identical concentrations and conditions. In this example, reconstitution used 10,000 moles of asolectin lipids per mole of Rh. Except for buffer subtraction, the data have not been manipulated or normalized in any way. 
The Measured FRET Efficiencies Are near the Theoretical Maximum
Possible, Suggesting That the Majority of Rh Molecules Interact. Our main postulate in this work is that quantitative Rh-Rh selfassociation is indicated if the measured FRET efficiencies equal the theoretically maximum FRET possible at the Rh-Rh distances measured from the LRET studies ( Fig. 2D and Table 1) .
We estimated the total amount of interacting Rh proteins as follows. We analyzed the excitation FRET spectra (35, 36) to determine the percentage of FRET in each sample (see Table 2 ). We then compared this value to the maximal FRET possible under these conditions. To calculate the theoretical maximum FRET, we had to take into account two factors. First, only half of the labeled Rh can form donor-acceptor pairs (see Fig. 5A ). Second, the R 0 values for a specific donor-acceptor pair must be used. When these factors are accounted for, the following theoretically maximum FRET efficiencies are predicted: 28% for the Rh-CY3-Rh-CY5 pair in the dark state (distance ϭ 50 Å), and 37% for the Rh-CY3-Rh-CY5 pair in the light-activated state (distance ϭ 47 Å) (Fig. 5B) .
Importantly, as shown in Fig. 5C , these predicted maximum possible FRET values are nearly identical to the measured FRET efficiencies (once the expected background FRET is subtracted; Fig. 4A ). We conclude that, for this result to be possible, almost all of the Rh molecules must be within interacting distance.
Implications of Rh-Rh Association. Although the idea that visual Rh may self-associate in the membrane has been debated (39), our results clearly favor Rh dimerization and are consistent with evidence found for other GPCRs (1-4). In fact, our studies found no evidence for a substantial amount of monomeric Rh. Because Rh constitutes the majority of volume of the membrane in ROS, with a concentration as high as 3 mM (40), and only Ϸ65 phospholipids solvating each Rh molecule (40) , an interesting question may be ''what could prevent Rh from interacting with itself?'' The complete absence of any protein-protein interactions at such high concentrations would seem to require an extremely low affinity between Rh molecules, a possibility that is not supported by our present work or the accompanying work of Kota et al. (10) .
Thinking about Rh as a dimer, instead of a monomer, is compelling when examining the architecture of various downstream signaling components in the visual pathway. For example, the interface surface area of Rh in a monomeric model of the Rh-transducin interaction is too small to cover all of the regions of transducin known to be critical for interaction with the receptor. However, subsequent modeling studies have demonstrated that the surface area of one transducin molecule is large enough to accommodate the docking of four rhodopsin molecules (40) .
Similarly, the concept of a multimeric Rh may help explain Rh desensitization by visual arrestin. Arrestin acts by binding to activated, phosphorylated Rh, thus blocking further signaling (41) . Interestingly, crystal structures of arrestin show a bilobed protein with two concave surfaces (42, 43) . Both concave surfaces have been demonstrated by mutagenesis studies to be involved in Rh-arrestin interactions (44) . Like transducin, the putative Rh-interaction surface on visual arrestin is highly striking: the two concave grooves can physically accommodate two molecules of rhodopsin (5) . Although the specific reasons why Rh may function as a dimer remain to be established, it is clear a dimeric state may have a profound impact on the kinetics of Rh activation, signaling through transducin, and desensitization through arrestin.
Summary and Conclusions.
We have found that Rh molecules in reconstituted asolectin liposomes are Ϸ47-50 Å apart. Furthermore, the energy transfer between donor and acceptor-modified Rh is close to the theoretically possible maximum FRET efficiency, showing that most of the Rh molecules are in a dimeric state (if not higher-order oligomers). Finally, we anticipate the approach described here may prove generally useful for quantitatively studying GPCR self-association in membranes. Nomenclature. Here, rhodopsin is abbreviated as Rh. Abbreviations for rhodopsin derivatives are identified by Rh, followed by the fluorophore used in the labeling. For example, Rh-CY5 stands for Rh labeled with CY5-maleimide and Rh-Tb stands for Rh labeled with the Tb 3ϩ chelator.
Materials and Methods
Purification and Fluorescent Labeling of Rh. Rh was purified from ROS membranes and modified with the appropriate fluorophore. V8 proteolysis was used to assess the sites of fluorescent labeling. Specific details on these procedures are provided in Supporting Text.
Reconstitution of Purified, Fluorescently Labeled Rh. Reconstitution of fluorescently labeled Rh into asolectin liposomes was performed in the dark under dim red light, as described (27) . Different receptor densities were achieved by reconstituting samples with varying molar ratios of asolectin and Rh. The lipid͞Rh ratios, 250:1, 2,000:1, or 10,000:1, should theoretically produce receptor densities of Ϸ800, 100, and 20 Rh protein molecules per liposome, respectively. More details are provided in Supporting Text.
Analysis of Rh-Reconstituted Proteoliposomes Using Electron Microscopy, Asp-N Proteolysis, and Transducin Activation Assays. After reconstitution, the size of the proteoliposomes was determined by electron microscopy. Asp-N proteolysis was used to determine the relative orientation of Rh in the liposomes (27) . The effect of the fluorescent labels on Rh function was measured by performing transducin activation assays (45) . Isopycnic Density Centrifugation. Isopycnic density centrifugation analysis was carried out on Rh-CY3 and Rh-CY5 reconstituted into asolectin liposomes. The liposomes were supplemented with NBD-labeled phosphatidyl serine (0.4% of the total lipid content) to enable independent fluorescent monitoring of the lipid fractions. The proteoliposomes were subjected to discontinuous flotation gradients (38) 
where Rh͞Lipid Ratio is the inverse of the lipid͞Rh ratio used during the reconstitution.
Calculation of Reduced Acceptor Surface Density (CA). The reduced acceptor surface density (C A ) is equal to the R 0 2 of the FRET pair multiplied by the surface density of acceptor-labeled proteins (46) . For the CY3-CY5 FRET pair on Rh, we measured an R 0 of Ϸ 52 Å in the dark state and 56 Å after light activation. These values are similar to those published in refs. 22 and 24. We then calculated the C A at each lipid͞Rh ratio using the following relationship (46)
ϭ ͑56.1 Å͒ 2 ϫ 10 7,000,000 Å 2 ϭ 0.0045.
Note that the change in the R 0 value between dark-and light-activated Rh-CY3 and Rh-CY5 requires the C A values to be calculated for each state.
Calculation of Expected Random Energy Transfer (Erandom) Based on
the Reduced Acceptor Surface Density (CA). The C A values (described above) were used to assess the amount of random ''background'' energy transfer expected under the different reconstitution conditions, as follows (46-48)
where E random is the amount of random energy transfer expected, C A is the reduced acceptor surface density, and r is the distance of closest approach of the donors and acceptors (which can be approximated by the protein diameter) (46) (47) (48) (49) (50) (51) (52) . The value of r for rhodopsin was approximated to be Ϸ48 Å, the diameter across the face of an ellipsoid shape observed for rhodopsin from the crystal structure (34) .
Measurement of the Rate of LRET Between Labeled Rh Samples in
Asolectin Proteolipsomes. LRET studies were made by using a PTI LaserStrobe phosphorescence lifetime system. The Rh-Tb samples were excited with a 337-nm laser pulse, and the emission was monitored at 545 nm to obtain the lifetime of the Rh-Tb donor alone ( D ), and at 570 nm, when Rh-Tb and Rh-CY3 were reconstituted together, to obtain the sensitized emission lifetime ( AD ) from Rh-CY3. For further details, see Supporting Text.
Determination of Distance from LRET Measurements. The lifetime of Rh-Tb luminescence ( D ) and the Rh-CY3 sensitized emission ( AD ) were used to calculate the efficiency of energy transfer (E)
This efficiency was then used to calculate the distance between the two probes (35, 53)
where E is the efficiency of energy transfer, R is the distance between the probes, and R 0 is the distance at which the energy transfer is 50%. Eqs. 4 and 5 were used to plot AD as a function of R. This plot yields the appropriate distance for any experimentally measured AD (see Fig. 2D ). An R 0 ϭ 61.2 Å was used for the Rh-Tb and Rh-CY3 pair (23).
To assess the maximum possible error in the LRET measurements due to uncertainties in the orientation factor ( 2 ), the steady-state anisotropies of Rh-CY3 and Rh-CY5 in the liposomes were measured. Details are given in Supporting Text.
FRET Steady-State and Lifetime Measurements. The steady-state fluorescence measurements were carried out on Rh-CY3 and Rh-CY5 samples reconstituted individually and together. FRET was measured in two ways, first by measuring the emission spectrum of the acceptor while exciting the donor and then by measuring the excitation spectrum of the donor while collecting emission from the acceptor. Fluorescence lifetimes were measured on the samples reconstituted at the lowest receptor density. Further details are given in Supporting Text.
FRET Efficiency Calculated From Steady-State Fluorescence Intensity
and Fluorescence Lifetimes. FRET efficiency was determined by measuring the sensitized emission from steady-state excitation spectra using standard analysis procedures (35, 36) . The FRET efficiency was also determined from the fluorescence lifetimes of the donor (Rh-CY3) in the presence and absence of the acceptor (Rh-CY5) (35) . See Supporting Text for details.
